Young CN, Li A, Dong FN, Horwath JA, Clark CG, Davisson RL. Endoplasmic reticulum and oxidant stress mediate nuclear factor-B activation in the subfornical organ during angiotensin II hypertension. plasmic reticulum (ER) stress and reactive oxygen species (ROS) generation in the brain circumventricular subfornical organ (SFO) mediate the central hypertensive actions of Angiotensin II (ANG II). However, the downstream signaling events remain unclear. Here we tested the hypothesis that angiotensin type 1a receptors (AT 1aR), ER stress, and ROS induce activation of the transcription factor nuclear factor-B (NF-B) during ANG II-dependent hypertension. To spatiotemporally track NF-B activity in the SFO throughout the development of ANG II-dependent hypertension, we used SFO-targeted adenoviral delivery and longitudinal bioluminescence imaging in mice. During low-dose infusion of ANG II, bioluminescence imaging revealed a prehypertensive surge in NF-B activity in the SFO at a time point prior to a significant rise in arterial blood pressure. SFO-targeted ablation of AT 1aR, inhibition of ER stress, or adenoviral scavenging of ROS in the SFO prevented the ANG II-induced increase in SFO NF-B. These findings highlight the utility of bioluminescence imaging to longitudinally track transcription factor activation during the development of ANG II-dependent hypertension and reveal an AT1aR-, ER stress-, and ROS-dependent prehypertensive surge in NF-B activity in the SFO. Furthermore, the increase in NF-B activity before a rise in arterial blood pressure suggests a causal role for SFO NF-B in the development of ANG II-dependent hypertension.
hypertension; central nervous system; angiotensin II; NF-B, ER stress THE HORMONE ANGIOTENSIN II (ANG II) has profound effects on cardiovascular regulation by acting within the central nervous system (CNS) to alter volume homeostasis and stimulate the sympathetic nervous system (10) . In this regard, neurocardiovascular dysfunction due to inappropriate ANG II signaling is now recognized as a key mechanism contributing to the development of hypertension (9, 36) . Although many brain regions are sensitive to ANG II, the circumventricular organs, areas lacking a blood-brain barrier (BBB), serve as sensors to detect circulating ANG II, a peptide too large to cross the BBB (8, 10, 11) . Neural pathways originating from circumventricular or-gans project into a wide cardiovascular regulatory network, including hypothalamic nuclei and brain stem regions crucial for the control of the autonomic nervous system (8, 10, 11) . In particular, the subfornical organ (SFO), a circumventricular forebrain region dense with angiotensin type 1a receptors (AT 1a R), is crucial in driving ANG II-mediated neurogenic hypertension (8, 10, 11) .
The endoplasmic reticulum (ER) is a specialized organelle responsible for the synthesis, assembly, folding, and sorting of proteins. Acute and/or chronic stress that challenges ER function, such as disturbed calcium homeostasis, alterations in cellular redox status, and inflammation, leads to an accumulation of misfolded proteins (i.e., ER stress). In an attempt to reestablish ER homeostasis, cells activate the unfolded protein response (UPR), a set of conserved signaling pathways (30, 31, 33) , involving attenuation of translation, upregulation of ER chaperones, increased protein degradation, transcriptional activation, and, under extreme stress, programmed cell death (30, 33) . Long-term activation of the UPR has recently emerged as a major paradigm for many chronic diseases (17, 30, 33) . In line with this, we have recently shown that UPR activation in the SFO plays a causal role in ANG II-dependent hypertension (38) . Indeed, systemic infusion of ANG II in mice resulted in a robust and selective induction of the UPR in the SFO, and pharmacological or genetic inhibition of ER stress in the SFO prevented the development of ANG II hypertension (38) .
In addition to ER stress, our laboratory and others have extensively demonstrated that reactive oxygen species (ROS) in the CNS are linked to the development and progression of cardiovascular disease (40, 41, 43) . For example, ANG II induces robust ROS production in the SFO, and selective scavenging of superoxide in this brain region abolishes ANG II-dependent hypertension (40) , highlighting the importance of oxidant signaling in the SFO in mediating neurogenic hypertension. Interestingly, our recent findings demonstrate that ANG II-induced ER stress is a source of ROS production in the SFO (38) . However, the mechanisms by which ER and oxidant stress within the brain translate into sustained elevations in arterial blood pressure remain unclear.
Emerging evidence suggests that ANG II-mediated activation of inducible transcription factors and the ensuing alterations in gene profiles within the CNS may contribute to the development of cardiovascular diseases, such as neurogenic hypertension (1, 2, 35) . In this regard, the transcription factor nuclear factor-B (NF-B) may be particularly relevant (22) . Abundant evidence has shown that ANG II induces activation of NF-B in the peripheral vasculature and the heart (2) , and more recently in other central cardiovascular regions (6, 18) . Interestingly, NF-B is known to modulate signaling cascades in response to ER and oxidant stress, including within CNS neurons (26, 39) . The downstream consequence of CNS NF-B activation includes a complex array of gene changes that influence everything from synaptic plasticity to neuromodulatory/neurotrophic factor production to synaptic structural alterations. Whether ANG II-induced ER stress and ROS production mediate activation of NF-B in the SFO remains unknown.
We hypothesized that ANG II would activate NF-B in the SFO and activation of this transcription factor would be AT 1a R, ER stress, and ROS dependent. We used SFO-targeted delivery of an adenoviral vector encoding luciferase downstream of the NF-B consensus sequence, in conjunction with bioluminescence imaging (BLI), to longitudinally track SFO NF-B activity during the development and maintenance of ANG II hypertension. Our findings reveal an ANG II-mediated prehypertensive surge in NF-B activity in the SFO. SFOtargeted ablation of AT 1a R, inhibition of ER stress, or adenoviral scavenging of ROS in the SFO abolished the ANG II-induced increase in SFO NF-B.
METHODS

Animals.
Studies were performed in adult (8 -10 wk old) male C57Bl/6 mice obtained from an in-house colony. AT 1aR fl/fl mice were initially obtained from the colony of Dr. Thomas Coffman (13) and used to establish our own colony. Mice were fed standard chow and water ad libitum and were housed with a 12:12-h light-dark cycle. All procedures were approved by the Animal Care and Use Committees at Cornell University, and care of the mice met the standards set forth by the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Slow-pressor ANG II infusion. Human ANG II (Sigma-Aldrich, St. Louis, MO) was diluted in 0.1% bovine serum albumin (BSA; Sigma-Aldrich) and was loaded into 2-wk osmotic minipumps (AL-ZET; Durect, Cupertino, CA) at the desired concentration (600 ngϪkg Ϫ1 ·min Ϫ1 ) for infusion. BSA was used as a vehicle control. Minipumps were primed overnight at 37°C and were then implanted subcutaneously as previously described (5, 38, 40) .
Arterial blood pressure measurements. Mice were anesthetized (ketamine, 150 mg/kg ϩ xylazine, 15 mg/kg ip) and instrumented with radiotelemetry probes (PA-C10; Data Sciences International) as previously described (5, 38, 40) . The radiotelemeter catheter was implanted in the thoracic aorta via the left common carotid artery. The body of the probe was placed in a subcutaneous pocket on the right flank, and the wound was closed and sutured. Mice remained undisturbed in their home cages for a minimum of 7 days to achieve full recovery of normal circadian rhythm and cardiovascular parameters before obtaining recordings of arterial blood pressure (4) .
Adenoviral targeting of the SFO and lateral ventricle cannulation. Recombinant adenoviral vectors encoding an NF-B luciferase reporter construct [AdNF-B-luc, 1.0 ϫ 10 11 plaque-forming units (pfu)/ml], AP-1 luciferase reporter construct (AdAP-1-luc, 1.0 ϫ 10 11 pfu/ml), human cytoplasmic superoxide dismutase (AdCuZnSOD, 1.3 ϫ 10 12 pfu/ml), Cre-recombinase (AdCre, 4 ϫ 10 10 pfu/ml), and titer-matched AdLacZ were obtained from the Iowa Gene Transfer Vector Core. Construction and characterization of these viral vectors has been described previously (27, 40) . Targeting of adenoviral vectors to the SFO was performed as previously described in detail by our laboratory (5, 27, 38, 40) . Briefly, mice were anesthetized and placed in a stereotaxic device. The surface of the skull was visualized under a dissecting microscope and leveled between lambda and bregma. AdNF-B-luc was targeted to the SFO via a custom pressure injection system using the following coordinates: 3.2 mm ventral from the dorsal surface of the skull at 0.3 mm rostral and 1.0 mm lateral to bregma. For certain experiments viral vectors were delivered in a 1:1 mixture of AdNF-B-luc/AdLacZ, AdNF-B-luc/AdCre, and AdNF-B-luc/AdCuZnSOD. For experiments involving lateral cerebroventricle injections (ICV), mice were subsequently instrumented with an indwelling ICV cannula (PlasticsOne) as previously described (38, 40) .
ICV injections. The ER stress inducer thapsigargin (TG; EMD Chemicals, Gibbstown, NJ) was dissolved in dimethyl sulfoxide (DMSO) and diluted with saline to the desired concentration. The ER stress inhibitor tauroursodeoxycholic acid (TUDCA; EMD Chemicals) was diluted in artificial cerebrospinal fluid (aCSF) to the final concentration. TG was administered as a single ICV injection at a dose (1 g) that has been confirmed extensively to induce ER stress in vivo (29, 38) . Daily ICV TUDCA administration (5 g) began on the day of osmotic minipump implantation and continued throughout the 2-wk infusion period (38) . The appropriate vehicle control was used for TG (DMSO) and TUDCA (aCSF).
In vivo BLI. To spatiotemporally track NF-B and activator protein-1 (AP-1) activation in the SFO in vivo, an adenoviral vector containing a luciferase cassette downstream of the NF-B or AP-1 consensus-binding sequence was delivered to the SFO (see above) in conjunction with in vivo BLI as described (3, 27) . Mice with SFOtargeted AdNF-B-luc and AdAP-1-luc were imaged 24 h after adenoviral delivery to confirm expression of the reporter construct and were then allowed 2 wk for recovery from surgery-induced elevations in transcription factor activity. Following recovery and baseline imaging over 3 days, osmotic minipumps were implanted for continuous infusion of ANG II, and daily in vivo bioluminescence images were acquired with an IVIS 200 (Caliper Life Sciences, Alameda, CA), following injection of the substrate D-luciferin (150 mg/kg ip) and transfer of the mice to the light-sealed imaging cabinet. To ensure uniformity, each of the groups was imaged within the same daily session and at the same time each day. At the end of the study, systemic endotoxin-induced activation of AdNF-B-luc and AdAP-1-luc was assessed by injection of lipopolysaccharide (LPS, 8 g/g ip) to confirm functional expression of the luciferase reporter in the SFO. Data were analyzed with Xenogen Living Image software as described (3, 27) .
ROS detection in the SFO. ROS production in SFO tissue was assessed by dihydroethidium (DHE) microfluorography as described (5, 38, 40) . Brains from mice that had undergone ANG II infusion for 3, 5, 7, and 14 days were rapidly removed and flash frozen. Coronal sections (20 M) were collected onto chilled microscope slides, thawed at room temperature, and incubated for 5 min in the dark with DHE (1 M) followed by a 2-min wash with PBS. DHE fluorescence was visualized by confocal microscopy (Zeiss LSM 510), with laser settings kept constant across all samples. ImageJ software was used to quantify fluorescence intensity, which was normalized to fluorescence levels observed in untreated samples as described (5, 38, 40) .
Quantitative real-time PCR. Neuro2A cells were cultured as previously described (38) and were treated with vehicle (BSA), ANG II (100 nM), or ANG II following 30 min pretreatment with the AT1R antagonist losartan (3 M). After treatment (24 h), cells were collected, and quantitative real-time PCR (qPCR) analysis was performed. Total RNA was isolated by Trizol (Invitrogen) extraction and reverse transcribed using random hexamer primers, and samples of 25 ng were subjected in triplicate to qPCR (ABI 7500FAST system) using Power SYBR Green (Applied Biosystems). For each target gene, the average expressed isoform was expressed relative to the calibrator (␤-actin), and the relative fold change compared with the calibrator was calculated using the comparative ⌬⌬Ct method. Primer sequences derived from Mus musculus (National Center for Biotech-nology Information GenBank) were as follows: CHOP forward 5=-ATATCTCATCCCCAGGAAACG-3= and reverse 5=-TCTTCCTT-GCTCTTCCTCCTC-3=; GRP78 forward 5=-TTCAGCTGTCACT-CGGAGAAT-3= and reverse 5=-ATATCTCATCCCCAGGAAACG Ϫ3=; and ␤-actin forward 5=-CATCCTCTTCCTCCCTGGAGAA-GA-3= and reverse 5=-ACAGGATTCCATACCCAAGAAGG-AAGG-3=.
Terminal deoxynucleotidyl transferase dUTP nick end labeling staining. C57Bl/6 mice that had received systemic ANG II infusions were perfused transcardially with 37°C saline followed by ice-cold 4% paraformaldehyde at 14 days of infusion. Brains were removed and stored in 30% sucrose overnight. Cryosections (30 m) were obtained and mounted directly onto glass slides and allowed to dry overnight. Slides were washed in 1ϫ PBS and were then placed in a permeabilization solution of 0.1% Triton X-100 (Sigma-Aldrich) and 0.1% sodium citrate (Sigma-Aldrich) in ddH 20 at 4°C for 5 min, followed by subsequent washing in 1ϫ PBS. Tissue sections were incubated in working terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) solution (Roche, Indianapolis, IN) for 90 min. Slides were covered with cover slips with Aquamount mounting media with DAPI and imaged using a Zeiss Axio Imager.
Data analysis. Data are expressed as means Ϯ SE. A one-way ANOVA was used for comparison between multiple groups. For time course experiments, a two-way repeated-measures ANOVA was used. Post hoc comparisons were performed using a Tukey's test when appropriate. The alpha level was set at P Ͻ 0.05.
RESULTS
ANG II infusion evokes a prehypertensive surge of NF-B in the SFO.
We used a mouse model in which 2-wk systemic infusion of ANG II causes slowly developing and persistent hypertension (38, 40) . As shown in Fig. 1A and in line with our previous reports, low-dose infusion of ANG II causes an initial increase in arterial blood pressure at ϳ8 -10 days and a peak increase in blood pressure on days [14] [15] [16] . To test if ANG II induces NF-B activation in the SFO in this model, an NF-B-dependent reporter virus, AdNF-B-luc, was selectively targeted to the SFO, and BLI was used for real-time monitoring of NF-B activation during the development of hypertension (27) . Figure 1 remained unchanged throughout the experimental protocol in vehicle-treated mice. The functional capacity of AdNF-B-luc was tested at the end of the protocol using systemic administration of LPS (8 g/g). In line with our previous findings (27) , LPS induced profound increases in NF-B activity in the SFO (Fig. 1C, right) , in both vehicle-and ANG II-infused mice, confirming the functionality of AdNF-B-luc throughout the course of the study. It is important to note that the luciferase construct was selectively targeted to the SFO. Therefore, although tissue scattering causes the light emission to appear widespread, the SFO-selective delivery of AdNF-B-luc confirms that the NF-B activation is specific for this brain region (3, 7, 27) . Overall, these findings demonstrate that ANG II infusion evokes a prehypertensive surge in NF-B activity in the SFO.
ANG II-induced SFO NF-B activation is mediated by AT 1a R. To test if the ANG II-induced rise in NF-B activity in the SFO is mediated by AT 1a R, we used a mouse model in which exon 3 of Agtr1a gene is flanked by loxP sites (AT 1a R fl/ fl) (13) . Targeted adenoviral delivery of Cre-recombinase (Ad-Cre) to the SFO in these mice allows for a robust and efficient ablation of AT 1a R in this brain region (37) . Similar to the findings presented in Fig. 1 , slow-pressor infusion of ANG II caused a prehypertensive and transient surge in SFO NF-B activity at day 5 in control mice ( Fig. 2A, left) . Selective removal of AT 1a R in the SFO abolished ANG II-induced NF-B activation in the SFO such that NF-B-dependent photon flux was not significantly different from baseline levels at any time point during ANG II infusion. Importantly, LPSinduced increases in SFO NF-B activity were similar at the end of the study (4.39 Ϯ 1.00 vs. 6.37 Ϯ 1.87, AdLacZ vs.
AdCre, P Ͼ 0.05), confirming that the attenuation of ANG II-induced NF-B activation was the result of the removal of AT 1a R and not the functionality of AdNF-B-luc.
AT 1a R mediate ANG II-induced ER stress. We have recently demonstrated that ANG II induces robust ER stress in the SFO, and this is functionally linked to the development of ANG II-dependent hypertension (38) . However, the upstream mechanism(s) mediating ANG II-induced ER stress remain unknown. Here we tested if AT 1 R are involved in ANG II-evoked ER stress. Treatment of Neuro2A cells with ANG II resulted in an upregulation of mRNA expression of two key ER stress biomarkers, GRP78 and CHOP, whereas pretreatment of neurons with the AT 1 R antagonist losartan prevented the ANG II-induced increases in GRP78 and CHOP mRNA (Fig. 2B) . These results build upon our recent findings (38) and demonstrate that ANG II-induced ER stress in neurons is mediated by AT 1 R.
ER stress mediates NF-B activation in the SFO. The findings presented in Figs. 1 and 2 demonstrate that ANG II evokes a prehypertensive surge in NF-B in the SFO in an AT 1a R-dependent manner. Given that ER stress and NF-B activation are closely linked events (28, 39) , and that AT 1 R mediate ANG II-induced ER stress (Fig. 2B) , we tested if ER stress mediates ANG II-dependent SFO NF-B activation. As a first step, we used ICV injections of TG, a chemical agent that induces robust ER stress in vivo (29, 38) dependent photon flux were noted in mice that received ICV vehicle injection (Fig. 3A) . These results illustrate that acute induction of ER stress in the brain evokes NF-B activation in the SFO.
We subsequently tested whether ER stress mediates SFO NF-B activation during ANG II-dependent hypertension. As above, mice underwent SFO-targeted delivery of AdNF-Bluc, and BLI was performed before and following implantation of osmotic minipumps for ANG II delivery. To prevent ANG II-induced ER stress in the SFO, mice were administered daily ICV injections of the chemical ER chaperone TUDCA, an approach that we have recently shown to prevent the development of ANG II-induced hypertension (25, 38) . Infusion of ANG II in ICV vehicle-treated mice caused a robust surge in NF-B activity in the SFO at day 5 that subsequently subsided and remained at low levels from day 7 to 14 (Fig. 3B, left) . In contrast, mice that received daily ICV TUDCA showed no change in SFO NF-B activity during the 2-wk ANG II infusion. LPS-induced NF-B activation at the end of the experiment was similar between groups (11.91 Ϯ 2.81 vs. 7.80 Ϯ 2.49, ICV vehicle vs. ICV TUDCA, P Ͼ 0.05). Collectively, these results demonstrate that ER stress mediates NF-B activation in the SFO during the development of ANG II-dependent hypertension.
Oxidative stress mediates ANG II-induced NF-B activation in the SFO. We have previously shown that superoxide production in the SFO mediates ANG II-dependent hypertension (40) and more recently have demonstrated that ANG II-induced ER stress is upstream of oxidant stress in this brain region (38) . Having established that ER stress mediates SFO NF-B activation during ANG II hypertension ( Fig. 3B ), we tested whether oxidant stress is linked to NF-B activation. We first examined the temporal induction of SFO oxidative stress during low-dose ANG II infusion using DHE fluorescence measurements. Minimal ROS production within the SFO was found at 0 and 3 days of ANG II infusion (Fig. 4A ). However, at day 5 of ANG II infusion a surge in ROS production occurred that remained elevated at days 7 and 14 (Fig. 4A ). These findings indicate concomitant prehypertensive elevations in oxidative stress and NF-B activation in the SFO during ANG II-dependent hypertension. To test the link between these two events, mice underwent SFO-targeted microinjections of AdNF-Bluc plus an adenovirus encoding cytoplasmic superoxide dismutase (AdCuznSOD) or control vector. Following recovery, baseline BLI was performed, and osmotic minipumps were then implanted for infusion of ANG II. In line with our findings in Figs. 1, 2, and 3 , ANG II caused a robust, prehypertensive increase in NF-B activity in the SFO (Fig. 4B ). Scavenging of superoxide in the SFO abolished the ANG II-induced rise in NF-B activity at day 5. SFO NF-B activity remained unchanged during vehicle infusion in control (AdLacZ) and AdCuZnSOD-treated mice (data not shown), and LPS-induced NF-B activation was similar between groups at the commencement of the study (6.05 Ϯ 1.22 vs. 5.45 Ϯ 1.27, AdLacZ vs. AdCuZnSOD, P Ͼ 0.05). These results demonstrate that SFO ROS mediate prehypertensive NF-B activation during ANG II hypertension.
ANG II does not cause cell death in the SFO. Prolonged ER stress, oxidant stress, and subsequent transcription factor activation have been linked to apoptotic cell death (33) . Our findings indicate that ANG II-induced ER stress and ROS production mediate NF-B activation, and we therefore tested whether ANG II infusion leads to cell death in the SFO. In untreated mice, minimal evidence of cell death was seen in the SFO, as determined using TUNEL staining (Fig. 5A ). In addition, administration of ANG II for 14 days did not significantly alter the number of positive TUNEL-labeled cells in the SFO (Fig. 5A) . These findings therefore suggest that ANG II-mediated ER stress, oxidant stress, and NF-B activation in the SFO do not lead to apoptotic cell death in this model of hypertension.
The transcription factor AP-1 is not activated in the SFO during ANG II-dependent hypertension. As a final step, we tested whether systemic elevations in ANG II result in transcription factor activation, in addition to NF-B. The redox-sensitive transcription factor, AP-1, has been shown to be activated by ANG II, and we have previously demonstrated that AP-1 is activated in the CNS during the development of renovascular hypertension (3) . Mice that underwent SFOselective targeting of an AP-1-dependent reporter virus, AdAP-1-luc, were allowed to recover and underwent osmotic minipump implantation for infusion of ANG II or vehicle. No change in SFO AP-1 transcriptional activity was seen in ANG II-or vehicle-infused mice (Fig. 5B) . Importantly, LPS induced robust activation of AP-1 at the end of the study, confirming the functionality of AdAP-1-luc (19.49 Ϯ 3.74 vs. 16.12 Ϯ 4.81, vehicle vs. ANG II, P Ͼ 0.05). These findings demonstrate that ANG II induces activation of NF-B, but not AP-1, in the SFO during the development of ANG II-dependent hypertension. 
DISCUSSION
By longitudinally monitoring transcription factor activation in vivo, the current findings demonstrate robust, prehypertensive NF-B activation in the SFO during the development of ANG II-mediated hypertension. Our findings also demonstrate that ANG II-induced SFO NF-B activation is mediated by AT 1a R, ER stress, and redox-sensitive mechanisms. Collectively, these data highlight a complex, yet integrated, signaling pathway that drives ANG II-mediated NF-B activation in the SFO (Fig. 6 ). Furthermore, the increase in NF-B activity before a rise in arterial blood pressure suggests a causal role for SFO NF-B in the development of ANG II-dependent hypertension.
A major mechanism by which extracellular signals cause long-lasting alterations in cellular function is through the activation of transcription factors and subsequent regulation of gene expression (1, 21, 22) . In the CNS, DNA binding of transcription factors ultimately leads to changes in the level of proteins required for synthesis of neurotransmitters, receptors, ion channels, or cytoskeletal structures (21, 22) . Indeed, chronic alterations in CNS function in the setting of both physiological (e.g., long-term memory) and pathophysiological (e.g., neurodegeneration) processes are due to changes in gene expression (21, 22) . Similar to other CNS diseases, the concept that ANG II-mediated neurocardiovascular diseases are mediated by changes in neuronal gene expression is gaining strength (6, 18, 35) . However, evaluating transcriptional activation in the brain is challenging because of the technical difficulties posed, particularly when evaluating genetic mechanisms throughout the development of disease. Conventional methods for monitoring NF-B activation over time (e.g., electrophoretic mobility shift assays and nuclear localization) require the death of many animals, at numerous time points, to have sufficient tissue for assays (32) . In addition, recent findings suggest that in vitro assays are not entirely informative because DNA binding and nuclear localization alone cannot distinguish between transcriptionally active and inactive transcription factors (32) . To overcome these difficulties, in the current study we employed BLI for noninvasive in vivo longitudinal monitoring of transactivation of NF-B selectively in the SFO (27) . Our findings demonstrate that NF-B transcriptional activation in the SFO was minimal over the first 4 days of ANG II infusion. This transitioned into a robust surge in SFO NF-B activity at 5 days of infusion, a time point at which arterial blood pressure is not yet elevated (Fig. 1A) . Interestingly, the increase in NF-B activation was transient and returned to basal levels within 24 h and remained at low levels for the duration of the study. These findings are in line with the seminal work of Hoffman et al. (16) who revealed that NF-B can undergo several different forms of activation, including sustained expression, pulsatile changes, or transient increases. Moreover, the dynamics of NF-B activation determine the classes of genes that are expressed; some genes require persistent NF-B activation, whereas others do not, and even short transient surges in NF-B activation result in transcriptional activation of genes (14, 16) . While downstream NF-B-dependent gene changes in the SFO remain yet to be explored, these data highlight the utility of BLI to longitudinally track transcription factor activation during the development of ANG II-dependent hypertension in vivo. Indeed, if conventional methods were used, the robust and transient surge in NF-B activation in the SFO may have been missed.
Our findings also build upon an emerging body of evidence that ANG II-induced activation of transcription factors may underlie neurocardiovascular diseases. For example, the current results are in line with our previous work demonstrating a robust surge in transcriptional activity in the CNS during the development of renovascular hypertension, a disease also associated with activation of the renin-angiotensin system (3) . In addition, abundant evidence has demonstrated that ANG II induces activation of AP-1 family members in cultured neurons (35) . More recently Mitra et al. (23) have shown that ANG II treatment resulted in upregulation of NF-B subunits and DNA binding in CATH.a neurons, a response that was AT 1 R dependent. The current finding that selective ablation of AT 1a R from the SFO prevents ANG II-induced NF-B activation supports and extends this work to the in vivo setting. Interestingly, we did not find an increase in AP-1 transcriptional activity in the SFO during ANG II-induced hypertension, suggesting that in this model of hypertension and within the SFO, transcriptional activation may be selective to NF-B.
Recent findings from Francis and colleagues have demonstrated upregulation of NF-B subunits in the paraventricular nucleus of the hypothalamus (PVN) at 14 days of ANG II infusion in rats. Moreover, inhibition of NF-B in the PVN prevented the development of ANG II-mediated hypertension (6, 18) . Importantly, ANG II is too large to cross the BBB and signals to cardiovascular brain centers through sensory circumventricular organs, including the SFO, which contains extensive efferent connections to hypothalamic nuclei (8, 10) . Our finding that NF-B transcriptional activity in the SFO occurred at day 5, a prehypertensive time point, suggests that upstream SFO NF-B-mediated activation may occur before PVN NF-B activation. Therefore, targeted inhibition of NF-B in the SFO may represent an alternative treatment strategy for ANG II-induced hypertension, although future studies are warranted. Similarly, further investigation into the cell type(s) responsible for ANG II-mediated NF-B activation is necessary, given that adenoviral vector administration within the brain results in delivery of the viral construct to both neuronal and glial cell types (34) , and that NF-B activation has been shown to occur in both cell types (21, 22) , as well as recent findings that distinct neural populations in the SFO mediate physiological responses (e.g., thirst) (24) .
The upstream mechanism(s) by which ANG II, through AT 1a R, mediate NF-B activation in the CNS remains unclear. We have recently shown that ER stress in the SFO is a causative factor in the development of ANG II-mediated hypertension (38) . Building upon these findings, the current results demonstrate that ANG II-induced neuronal ER stress is mediated by AT 1 R receptors and that acute pharmacological induction of ER stress in the CNS evokes NF-B activation in the SFO. Moreover, chronic inhibition of ER stress prevented SFO NF-B activation during the development of ANG II hypertension, highlighting ANG II-induced ER stress as a key upstream mechanism mediating this transcription factor activation (Fig. 6 ). These findings are in line with an emerging body of literature that ER stress signaling pathways converge with NF-B activation in a variety of tissues, including the CNS (26, 39) . For example, blockade of ER stress in the mediobasal hypothalamus of the brain during high-fat diet feeding in mice prevented NF-B activation and the subse- quent development of metabolic dysfunction (39) . While our findings clearly demonstrate that ER stress mediates NF-B activation in the SFO during ANG II hypertension, the specific arms of the UPR that are implicated remain unknown. Indeed, the three ER sensors, double-stranded RNA-dependent protein kinase-like ER kinase, inositol-requiring 1␣, and activating transcription factor 6, have all been linked to NF-B activation (30) , although their role in mediating ANG II-induced NF-B activation in the CNS remains uninvestigated.
In addition to ER stress, free radicals are crucial in integrating NF-B-dependent responses (2, 15, 22) . In this regard, our laboratory and others have demonstrated that ROS production mediates neurocardiovascular diseases, such as ANG II-mediated hypertension. Indeed, the current data demonstrate a prehypertensive surge (day 5) in ROS generation in the SFO during low-dose ANG II infusion, building upon previous observations of SFO oxidative stress at mid (7-8 days) and established (day 14) hypertension (38, 40) . As such, we sought to determine if transcription factor activation in the SFO, due to ANG II, is mediated by redox-dependent mechanisms. In addition to the parallel elevations in ROS and NF-B activation at day 5, we found that selective adenoviral scavenging of cytoplasmic superoxide prevented ANG II-mediated activation of NF-B in the SFO. These findings are in line with our previous work showing that selective overexpression of Ad-CuZnSOD in the SFO prevents ANG II hypertension (40) and demonstrate NF-B as a downstream target of ROS production in this brain region (Fig. 6 ).
Perspectives
Hypertension is an epidemic and is mediated, in part, due to neurogenic mechanisms (12, 19) . In this regard, ANG II is a primary culprit, acting through circumventricular organs, such as the SFO (9, 10, 38, 40) . With the use of longitudinal BLI, the current findings provide the first evidence for activation of the transcription factor NF-B in the SFO during ANG IIdependent hypertension. Furthermore, our findings illustrate a complex, yet interconnected, pathway within the SFO by which ANG II signaling leads to NF-B activation (Fig. 6 ). ANG II, via AT 1 R, induced ER stress may directly lead to SFO NF-B transcriptional activation. In addition, NADPH oxidase-derived oxidant production (20, 42) provides an alternative direct mechanism by which ANG II induces NF-B activation in the SFO. However, we have recently shown that ER stress is a source of ROS in the SFO during ANG II hypertension. Indeed, selective inhibition of ER stress in the SFO prevented ANG II-induced increases in ROS in this region (38) . Therefore, while ER and oxidant stress may independently activate NF-B in the SFO, it is plausible that ER stress induces ROS production, which results in subsequent activation of NF-B. Although theoretical, ANG II-induced free radical accumulation may also evoke ER stress and subsequently NF-B activation, an area that is currently being actively investigated. Overall, these findings further our understanding of the potential mechanisms underlying ANG IImediated neurogenic hypertension.
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